INTRODUCTION
============

Liver fibrosis is the pathophysiological response in the liver to a line of insults such as toxic, infectious, or metabolic agents [@B001]. Hepatic fibrosis is characterized by excessive accumulation of extracellular matrix (ECM) including collagen, which is found in most types of chronic liver diseases [@B001],[@B002]. Accumulated ECM proteins form a fibrous scar that contorts the architecture of the liver. In general, chronic liver injury produces fibrosis of the liver, followed by cirrhosis, which is defined by the development of nodules of regenerating hepatocytes [@B001],[@B002]. Cirrhosis induces hepatocellular dysfunction and may result in hepatocellular carcinoma, which is one of the most common cancers worldwide [@B003],[@B004]. Despite the importance of liver fibrosis in human health, there is no efficient agent for clinical application to inhibit the progression of liver fibrosis yet.

It has been shown that carbon tetrachloride (CCl~4~) has been used to induce liver injury in various animals through its direct harmful effects on hepatocytes [@B005]-[@B008]. CCl~4~ changes the mitochondria and plasma membrane permeability, and forms highly reactive free radicals probably through the CYP2E1 pathway [@B006]. A single injection of CCl~4~ causes hepatocyte necrosis in zone 3 of the liver lobule, and repeated treatments over long periods induce chronic liver diseases (e.g., fibrosis, cirrhosis, and cancer) [@B007],[@B008]. During the development of liver fibrosis, activated hepatic stellate cells (HSCs) have important roles in the progression of the disease as they deposit ECM [@B001]. The activation of HSCs is mediated by profibrogenic cytokines such as transforming growth factor β1 (TGFβ1) and platelet-derived growth factor (PDGF) [@B001],[@B002]. TGFβ1 regulates growth and differentiation of HSCs and is a crucial mediator in the fibrogenic process [@B002],[@B009]. TGFβ1 is also a key stimulator of fibrogenesis after hepatic injuries via ECM deposition through synthesis of ECM proteins and inhibition of collagenase activity [@B001],[@B002],[@B009].

Korean ginseng (*Panax ginseng* Meyer) is one of the oldest and most frequently used botanicals in traditional oriental medicine. Korean ginseng extract is recommended for life-enhancing properties and for increasing energy and longevity. Korean red ginseng is *P. ginseng* that has been heat-processed to enhance its biological and pharmacological activities [@B010]. Studies have shown that red ginseng has beneficial effects in the treatment of immune diseases, metabolic and neurodegenerative disorders, and neoplasm [@B011]-[@B013]. Especially, it has been reported that ginsenoside Rb1, 25-OCH~3~-PPD and Rg1 from *P. notoginseng* inhibit the activation of HSCs and induce their apoptosis [@B014]-[@B016]. However, the effects of Korean red ginseng on liver destruction and on the expression of fibrogenic genes have not been fully established. The present study was designed to verify whether Korean red ginseng extract (RGE) inhibits liver fibrogenesis in the well-established mouse fibrosis model by CCl~4~ injections for 4 wk. We determined the effects of RGE on hepatocyte protection through blood biochemical and histological analyses. We also assessed collagen accumulation and expression of TGFβ1 in the liver in response to CCl~4~. In terms of the wide applications of RGE, this finding suggests the potential of Korean red ginseng for the treatment of chronic liver disease as a new drug candidate.

MATERIALS AND METHODS
=====================

Materials
---------

RGE was kindly provided by Central Research Institute, Korea Ginseng Corporation (Daejeon, Korea).

Animal and treatment
--------------------

C57BL6 mice were obtained from Oriental Bio (Seongnam, Korea) and acclimatized for 1 wk. Mice (N=5/group) were concomitantly treated with CCl~4~ with or without RGE for 4 wk. To induce liver fibrosis, CCl~4~ dissolved in olive oil (10%) was intraperitoneally injected (2 mL/kg) into the mice three times per week for 4 wk. RGE (30, 100, or 300 mg/kg RGE) dissolved in water was administered orally 30 min before CCl~4~ injection. After the multiple CCl~4~ or CCl~4~+RGE administrations, the mice were sacrificed on day 28, and the livers were excised. Blood was collected and assayed using an automated blood biochemistry analyzer (Abbott Laboratories, Abbott Park, IL, USA).

Cell culture and treatment
--------------------------

The immortalized human HSCs cell line, LX-2 cells, was kindly provided by Dr. SL Friedman (Mount Sinai School of Medicine, New York, NY, USA). The cells were maintained in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 100 U/mL penicillin and 100 μg/mL streptomycin at 37℃ in a humidified atmosphere containing 5% CO~2~. To examine the effect of RGE on the induction of fibrogenic genes, cells were pretreated with 0.3 or 1 mg/mL RGE for 30 min and then further incubated with 5 ng/mL TGFβ1 (R&D Systems, Minneapolis, MN, USA) for 12 h.

Histological process
--------------------

Liver samples from the left lateral and median lobes were separated and fixed in 10% neutral buffered formalin, then embedded in paraffin, sectioned (3 to 4 μm) and stained with hematoxylin and eosin for general observation or with Masson's trichrome for collagen fibers; the histopathological profiles of each sample were then observed under a light microscope (Nikon, Tokyo, Japan). The percentage of degenerative regions in the liver showing centrolobular necrosis, congestion, fibrosis, and inflammatory cell infiltration in hepatic lobules (%/mm^2^ of hepatic parenchyma) were calculated by automated image analysis (DMI-300 Image Processing; DMI, Daegu, Korea). In addition, the number of hepatocytes showing degenerative changes, such as necrosis, acute cellular swelling (ballooning), and severe fatty changes (cells/1,000 hepatocytes) was also calculated with collagen deposited percentages (%/mm^2^ of hepatic parenchyma) in uniform areas, using an automated image analyzer. The certified histopathologist was blinded to the group distribution when this analysis was made.

Realtime polymerase chain reaction analyses
-------------------------------------------

Total RNA was isolated from liver tissue or LX-2 cells by using Trizol reagent (Invitrogen, Carlsbad, CA, USA). The RNA (2 μg each) was reverse-transcribed using oligo-d(T)~16~ primers to obtain cDNA. TGFβ1 and plasminogen activator inhibitor 1 (PAI-1) genes were amplified by using specific primers. Realtime polymerase chain reaction (PCR) was carried out according to the manufacturer's instructions (7500 system, ABI). The relative levels of mouse *TGF*β*1* (sense: 5'- GCCCTGGATACCAACTATTGC-3', antisense: 5'-GCAGGAGCGCACAATCATGTT-3', 327 bp), mouse *PAI-1* (sense: 5'-GACACCCTCAGCATGTTCATC-3', antisense: 5'-AGGGTTGCACTAAACATGTCAG-3', 208 bp), human *TGF*β*1* (sense: 5'-GGCAGTGGTTGAGCCGTGGA-3', antisense: TGTTGGACAGCTGCTCCACCT, 531 bp) and human *PAI-1* (sense: 5'-TCGTCCAGCGGGATCTGA-3', antisense: 5'-CCTGGTCATGTTGCCTTTC-3', 512 bp) were normalized to the level of glyceraldehyde-3-phosphate dehydrogenase (*GAPDH*). After PCR amplification, the melting curve of each amplicon was determined to verify its accuracy [@B017].

Immunohistochemistry
--------------------

Liver sections were deparaffinized and then pretreated with 10 mM citrate buffer (pH 6.0). After inactivation of endogenous peroxidase and blocking with normal horse serum (Vector Lab Inc., Burlingame, CA, USA), tissue sections were incubated with primary antibody against α-smooth muscle actin (α-SMA) (Sigma-Aldrich, St. Louis, MO, USA) overnight. Sections were then stained using avidin-biotin complex methods (Vector Lab Inc.). Cells occupied by over 10% of α-SMA immunoreactivities, in terms of density, were regarded as positive, and the numbers of positive cells were calculated in the both lateral and median lobes of the liver in the central vein regions by automated image analyzer (DMI-300, DMI) [@B017],[@B018].

Data analysis
-------------

One-way analysis of variance procedures was used to assess significant differences among treatment groups. For each significant treatment effect, the Newman-Keuls test was utilized to compare multiple group means.

RESULTS
=======

Effects of Korean red ginseng extract on hepatocyte injury
----------------------------------------------------------

CCl~4~ exerts liver toxicity through the formation of highly reactive toxic metabolites produced by oxidative metabolism via CYP2E1, which induces severe centrilobular hepatocyte necrosis and subsequent fibrosis in the liver [@B006]-[@B008]. First, we determined the effects of RGE against the liver injury induced by CCl~4~. Alanine aminotransferases (ALT) and aspartate aminotransferases (AST) are cytosolic enzymes present mainly in the liver, and an increase in plasma ALT or AST indicates damage to the liver [@B019]. Intraperitoneal injection of CCl~4~ at a dose of 2 mL/kg (three times per week) for 4 wk successfully induced hepatocyte damage and liver injury in mice, as evidenced by distinct increases in the plasma levels of ALT and AST ([Fig. 1](#F001){ref-type="fig"}A, B). Concomitant treatment with RGE at doses of 30, 100, and 300 mg/kg (three times per week, per oral) significantly decreased the levels of the plasma aminotransferases increased by CCl~4~ treatments.

![Effects of Korean red ginseng extract (RGE) on liver function in carbon tetrachloride (CCl~4~)-treated fibrotic mice. Mice (N=5/group) were injected with 10% CCl~4~ in olive oil (2 mL/kg) intraperitoneally three times per week and administered RGE (30 to 300 mg/kg) orally three times per week for 4 wk (inset). After 4-week treatment, the activities of alanine aminotransferase (ALT) (A) and aspartate aminotransferase (AST) (B) were assayed by using an automated blood chemistry analyzer. Data represent the mean±SD of 5 mice (significant compared to vehicle-treated group, \*\**p*\<0.01; significant compared to CCl~4~-treated group, ^\#\#^*p*\<0.01). p.o., per oral; i.p., intraperitoneal.](grosbr-37-45-g001){#F001}

Histopathological analysis
--------------------------

To determine the hepatoprotective effects of RGE against CCl~4~, we conducted histological examination of the extent of liver damage. Vehicle-treated control mice had no pathological changes both in the lateral and median lobes ([Fig. 2](#F002){ref-type="fig"}A, B).

![The representative histological profiles of the liver sections. The liver sections from lateral (A) and median (B) lobes were stained with hematoxylin and eosin (H&E) in mice treated with vehicle, carbon tetrachloride (CCl~4~), CCl~4~+ Korean red ginseng extract (RGE) 30 mg/kg, CCl~4~+RGE 100 mg/kg, or CCl~4~+RGE 300 mg/kg. Accumulated collagen in liver sections was stained by Masson's trichrome staining. The scale bars indicate 160 μm.](grosbr-37-45-g002){#F002}

As progress of CCl~4~ intoxication, degenerative changes in the liver-centrolobular necrosis including ballooning of hepatocytes, deposition of lipid droplets in hepatocytes (fatty changed cells), and infiltration of inflammatory cells were detected with collagen depositions. These CCl~4~-related hepatic damages were reconfirmed by histomorphometry as the percentages of degenerative regions, the numbers of degenerative hepatocytes, and the percentages of collagen deposits in the hepatic parenchyma, which were significantly (*p*\<0.01) increased in CCl~4~-treated mice compared with vehicle-treated mice. These histological approaches verified that treatment of mice with RGE (30, 100, and 300 mg/kg, per oral) had a beneficial effect against CCl~4~-induced liver injury in both the lateral and median lobes of the liver ([Fig. 2](#F002){ref-type="fig"}A, B; [Table 1](#T001){ref-type="table"}). Increases in histomorphometrical scores for regions and cell numbers of degenerative hepatocytes by CCl~4~ were all inhibited by concomitant treatment with RGE, which reduced the scores by 50% ([Table 1](#T001){ref-type="table"}). Maximal inhibition of hepatocyte degeneration was obtained at both 100 and 300 mg/kg of RGE, which had similar effects in the aspect of hepatocyte protection ([Table 1](#T001){ref-type="table"}).

###### 

Changes on the histomorphometrical analysis of liver

  ------------------------------- --------------------------------------------------------------------- -------------------------------------------------------------- ----------------------------------------------------------------
  Groups                          Percentages of degenerative regions (%/mm^2^ of hepatic parenchyma)   Numbers of degenerative hepatocytes (cells/1000 hepatocytes)   Collagen deposited percentages (%/mm^2^ of hepatic parenchyma)
                                                                                                                                                                       
  Lateral lobes                                                                                                                                                        
         Vehicle                    0.20±0.12                                                               5.80±2.05                                                    0.34±0.11
         CCl~4~                   66.90±15.10^\*\*^                                                     159.20±58.41^\*\*^                                             11.86±3.48^\*\*^
         CCl~4~ + RGE 30 mg/kg    42.94±14.70^\*\*,\#\#^                                                103.20±29.45^\*\*^                                               4.72±1.20^\*\*,\#\#^
         CCl~4~ + RGE 100 mg/kg   30.64±16.05^\*\*,\#\#^                                                  89.60±20.90^\*\*,\#\#^                                         3.82±0.94^\*\*,\#\#^
         CCl~4~ + RGE 300 mg/kg   28.40±10.83^\*\*,\#\#^                                                  91.20±11.80^\*\*,\#\#^                                         3.34±1.32^\*\*,\#\#^
  Median lobes                                                                                                                                                         
         Vehicle                    0.84±1.00                                                             13.60±10.33                                                    0.32±0.19
         CCl~4~                   57.48±12.05^\*\*^                                                     168.80±30.78^\*\*^                                             10.04±0.97^\*\*^
         CCl~4~ + RGE 30 mg/kg    41.04±8.52^\*\*,\#^                                                   112.80±33.75^\*\*,\#\#^                                          6.92±1.27^\*\*,\#\#^
         CCl~4~ + RGE 100 mg/kg   34.70±12.11^\*\*,\#^                                                    94.40±30.54^\*\*,\#\#^                                         5.16±1.27^\*\*,\#\#^
         CCl~4~ + RGE 300 mg/kg   35.42±9.86^\*\*,\#^                                                   102.40±23.43^\*\*,\#\#^                                          5.12±2.55^\*\*,\#\#^
  ------------------------------- --------------------------------------------------------------------- -------------------------------------------------------------- ----------------------------------------------------------------

All values were expressed as mean±SD of five mice (significant as compared to vehicle-treated group, ^\*\*^*p*\<0.01; significant as compared to CCl~4~-treated group ^\#\#^*p*\<0.01, ^\#^*p*\<0.05).

CCl~4~, carbon tetrachloride; RGE, red ginseng extract.

Effects of Korean red ginseng extract on collagen deposition
------------------------------------------------------------

It has been shown that CCl~4~ induces liver fibrosis [@B008]. The extent of liver fibrosis was histologically examined after 4 wk of CCl~4~ or CCl~4~+RGE treatments. Mice treated with CCl~4~ exhibited marked fibrosis in the liver ([Fig. 2](#F002){ref-type="fig"} and [Table 1](#T001){ref-type="table"}). Masson's trichrome staining, which was used to assess collagen deposition, revealed that mice treated with CCl~4~ showed typical morphological changes of fibrosis in the liver ([Fig. 2](#F002){ref-type="fig"}) [@B018]. Treatment of mice with RGE significantly decreased the extent of liver fibrosis. Statistical analysis confirmed that the liver fibrosis induced by CCl~4~ was inhibited by RGE, as evidenced by decreases in collagen deposition. Treatment with 300 mg/kg of RGE distinctly inhibited the scores of collagen deposition in the lateral lobes (i.e., 11.86 vs. 3.34%/mm^2^ of hepatic parenchyma) ([Table 1](#T001){ref-type="table"}).

Effects of Korean red ginseng extract on transforming growth factor β1 and plasminogen activator inhibitor 1 expressions
------------------------------------------------------------------------------------------------------------------------

TGFβ1 is an important regulator of fibrogenesis in various organs, and expression of TGFβ1 protein is regulated by TGFβ1 translational process and post-translational modification [@B002],[@B009]. It has been shown that quantification of TGFβ1 mRNA level is generally accepted as a marker of the TGFβ1 activity [@B020]. TGFβ1 is involved in the induction of PAI-1 as a major regulator, and PAI-1 is related to organ fibrosis and metabolic disorders [@B021],[@B022]. Hence, we determined the expressions of TGFβ1 and PAI-1 mRNA in the liver by realtime PCR analysis. Treatment with CCl~4~ for 4 wk increased the mRNA levels of TGFβ1 and PAI-1 by 6- and 30-fold, respectively. RGE treatment at doses of 30, 100, and 300 mg/kg prevented the elevation of TGFβ1 and PAI-1 mRNA levels in the liver ([Fig. 3](#F003){ref-type="fig"}A, B). To validate the effect of RGE on induction of fibrogenic genes, we used immortalized human HSCs, LX-2 cells. TGFβ1 treatment (5 ng/mL, 12 h) in LX-2 cells increased the expression of TGFβ1 and PAI-1, and those were also significantly inhibited by 0.3 and 1 mg/mL RGE pretreatment ([Fig. 3](#F003){ref-type="fig"}C, D).

![Effects of Korean red ginseng extract (RGE) on fibrogenic gene expressions. Realtime polymerase chain reaction (PCR) was assessed to investigate mRNA level of transforming growth factor β1 (TGFβ1) (A) and plasminogen activator inhibitor 1 (PAI-1) (B) in the liver. Data represent the mean±SD of 5 mice (significant compared to vehicle-treated group, \*\**p*\<0.01; significant compared to carbon tetrachloride \[CCl~4~\]-treated group, \#*p*\<0.05 or \#\#*p*\<0.01). The effect of RGE on TGFβ1-induced TGFβ1 (C) and PAI-1 (D) expressions in LX-2 cells was also monitored by realtime PCR analysis. Data represent the mean±SD of three separated experiments (significant compared to vehicle-treated cells, \*\**p*\<0.01; significant compared to TGFβ1-treated cells, ^\#^*p*\<0.05 or ^\#\#^*p*\<0.01).](grosbr-37-45-g003){#F003}

Immunohistochemistry of α-smooth muscle actin
---------------------------------------------

α-SMA is a key marker of liver fibrosis [@B017]. In previous studies, activated HSCs were stained with α-SMA, and their localization in the liver was around the accumulated fibers [@B017],[@B023]. In this study, we assessed the immunohistochemistry of α-SMA in the fibrotic liver induced by CCl~4~ injection for 4 wk. Administration of CCl~4~ markedly induced the expression of α-SMA in both the lateral and median lobes of the livers ([Fig. 4](#F004){ref-type="fig"}A). However, oral treatment with RGE (30, 100, and 300 mg/kg) significantly decreased the number of α-SMA-positive cells in the dose dependent manner ([Fig. 4](#F004){ref-type="fig"}B).

![Effect of Korean red ginseng extract (RGE) on the level of α-smooth muscle actin (α-SMA)-positive cells. (A) Representative immunohistochemical staining of α-SMA-positive cells (arrows) in lateral and median lobes. The scale bars indicate 160 μm. (B) Changes in the number of α-SMA-immunoreactive cells in the hepatic central vein regions. Data represent the mean±SD of 5 mice (significant compared to vehicle-treated animal \*\**p*\<0.01; significant compared to carbon tetrachloride \[CCl~4~\]-treated animal ^\#^*p*\<0.05 or ^\#\#^*p*\<0.01).](grosbr-37-45-g004){#F004}

DISCUSSION
==========

A line of animal models of liver fibrosis and cirrhosis has been generated using chemicals (e.g., CCl~4~ or dimethylnitrosamine). CCl~4~-induced liver fibrosis is a well-established model in terms of its detrimental effects and mechanistic basis in animals [@B005],[@B008],[@B024]. Using this model, we demonstrated that administration of RGE prevented the development of liver fibrosis induced by CCl~4~ in mice. We incorporated two approaches: 1) histological analysis of liver fibrosis and 2) quantitative measurement of fibrogenic gene expression by PCR and immunohistochemistry.

Liver fibrosis is a pathological process in response to chronic liver injury such as alcohol, cholestasis, chronic hepatitis, and drugs, and is the final result of the wound-healing process in the tissue [@B001],[@B002]. After an acute liver injury (e.g., CCl~4~), hepatocytes regenerate and/or replace the degenerative cells, which involves the inflammatory process. If the hepatic injuries are repeated, the parenchymal cells are replaced with abundant ECM, of which alterations in quantity and composition are major characteristics of liver fibrosis [@B001],[@B002],[@B009]. In the present study, CCl~4~ successfully induced liver fibrosis, as indicated by parameters of hepatocyte damage (i.e., plasma ALT and AST; hepatocyte degeneration) and collagen deposition (i.e., Masson's trichrome staining). Concomitant treatment with RGE significantly inhibited regions and cell numbers of degenerative hepatocytes as well as collagen deposition induced by CCl~4~, showing that RGE has anti-fibrotic effects in mice.

Several lines of study indicate that TGFβ1 plays a key role in increasing the synthesis of ECM proteins and cellular receptors for various matrix proteins [@B009]. In the process of liver fibrogenesis, increased TGFβ1 levels stimulate expression of PAI-1 [@B025]. Induction of PAI-1 contributes to accumulation of ECM as a result of matrix metalloproteinase inhibition, which results in the progression of tissue remodeling [@B021],[@B022]. Therefore, elevations in the levels of TGFβ1 and PAI-1 in the liver are a feature of hepatic fibrosis. In this fibrosis model, CCl~4~ markedly induced TGFβ1 and PAI-1 mRNA levels in the liver, and treatment with RGE significantly inhibited the ability of CCl~4~ to increase the levels of TGFβ1 and PAI-1 expression in the fibrotic liver. Moreover, it has been shown that TGFβ1 stimulates collagen synthesis during fibrogenesis from fibroblast and myofibroblast cells (e.g., activated stellate cells) [@B001],[@B002]. Therefore, the inhibitory effects of RGE on ECM accumulation and the fibrotic genes might result in regulation of HSC transactivation.

HSCs are the major source of the ECM proteins characterizing liver fibrosis [@B001],[@B002],[@B009]. Although quiescent HSCs show no fibrogenic phenotype in the normal state, repeated damage and fibrogenic cytokines (e.g., TGFβ1) stimulate transactivation of HSCs to myofibroblasts, which play an important role in wound healing and organ structure remodeling [@B002],[@B026]. Activation of HSCs generally shows major phenotype changes, including increased expression of α-SMA, a marker of transdifferentiation [@B017],[@B023],[@B026]. In this study, RGE actively decreased the number of α-SMA-positive cells in fibrotic liver induced by CCl~4~, indicating that RGE inhibited transactivation of HSCs in fibrotic liver. In addition, RGE antagonized significant increases in TGFβ1 and PAI-1 mRNA expressions, which play a key role in activating HSCs. These results, in conjunction with the marked inhibition of CCl~4~-induced collagen disposition by RGE, imply that the anti-fibrotic effects of RGE might result from both inhibition of fibrotic gene expression and transdifferentiation of HSCs.

Several molecular targets to prevent HSC activation have been actively studied, and those might be associated with the therapeutic target of Korean red ginseng. Among them, it has been reported that ginsenoside Rg1 reduces the expression of PDGF receptor beta by attenuating nuclear factor kB activity, which might inhibit HSC proliferation [@B016]. In addition, several lines of evidence indicate that adenosine monophosphate-activated protein kinase, which is also activated both by ginseng and its active components [@B027]-[@B029], inhibits profibrogenic gene induction by interrupting the interaction between Smad 3 and coactivator p300 [@B030], and blocks PDGF-mediated proliferation in HSCs [@B031]. Therefore, the effects of RGE on upstream signaling molecules and the pharmacological target of RGE in HSCs remain to be established. The exact mechanistic basis of RGE needs to be clarified in the future.

In summary, our research results verify that RGE exerts anti-fibrotic effects in mice. Treatment with RGE for 4 wk inhibited hepatocyte degeneration and collagen accumulation. Moreover, administration of RGE markedly blocked TGFβ1 and PAI-1 expression as well as immunohistochemistry of α-SMA, one of the representative markers of HSC transactivation. The findings presented here imply that the effects of RGE on liver fibrosis might result, at least in part, from inhibition of HSC activation. This study offers the possibility of RGE treatment for fibrotic liver disease, although its effects on liver disease might be preventive in nature.
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